The interaction of cardiac adenylate cyclase [ATP pyrophosphate-lyase (cyclizing); EC 4.6.1.11 with a variety of nucleotide affinity resins was systematically investigated. None of these resins effectively bound the native, detergentsolubilized enzyme. However, after hydrophobic resolution on an uncharged resin consisting of long-chain alkyl groups linked to agarose via ether bonds, 40% of the adenylate cyclase activity biospecifically adsorbed to an ATP affinity resin. Gel filtration without detergent after hydrophobic chromatography demonstrated that the enzyme eluted in the identical position as the native enzyme chromatographed in the presence of detergent. This preparation almost completely biospecifically adsorbed to the same ATP-resin and was not eluted with 5 mM cyclic AMP, pyrophosphate, or GTP. If the GTP-washed immobilized enzyme was subsequently desorbed with ATP, then expected Gpp(NH)p (5'-guanylyliminodiphosphonate) sensitivity persisted. A preliminary purification scheme that resulted in an approximate 5000-fold increase in specific activity is presented. These observations indicate that a membrane-bound enzyme may appear to be intrinsically hydrophobic only by virtue of aggregation with other hydrophobic constituents and that prior separation of hydrophobic chromatography may permit such proteins to be fractionated subsequently by methods conventionally applied to hydrophilic proteins. Adenylate cyclase [ATP pyrophosphate-lyase (cyclizing); EC 4.6.1.1] is a membrane-bound enzyme present in almost all cell types which catalyzes the conversion of ATP to cyclic AMP. A number of polypeptide hormones as well as catecholamines, histamine, and prostaglandins exert all or part of their action through stimulation of this enzyme (1, 2). Cyclic AMP also may exert direct effects on a variety of cellular regulatory mechanisms, including microtubule assembly (3, 4), mobility, and chemotaxis (5), secretion (6, 7), and neoplastic transformation '(8, 9). Despite the critical role of this enzyme, minimal progress has been made in its purification. This difficulty arises for several reasons. First, the enzyme probably constitutes less than 0.005% of the total membrane protein (10). Second, the enzyme is notoriously labile, with a half-life at room temperature of only minutes (11). Third, nonionic detergents are required to solubilize the enzyme. Following such a procedure, several investigators have achieved only minimal success using classical procedures including gel filtration and ion-exchange chromatography (12, 13). We have recently investigated the interaction of the solubilized enzyme with a variety of long-chain alkyl resins linked to uncharged matrices via ether bonds. These gels have been shown to demonstrate all of the properties expected for hydrophobic interaction chromatography (14). Such resins effect an apparent separation of cyclase from more hydrophobic proteins, as demonstrated by the behavior of the enzyme on subsequent gel filtration and ion-exchange chromatography.
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These results suggested that the tendency of the crude solubilized enzyme to aggregate with more hydrophobic proteins leads to aberrant behavior and loss of resolution during subsequent purification. In this communication, we detail the interaction of the enzyme with a biospecific affinity matrix. The efficiency of the resin can be shown to depend on prior hydrophobic resolution of the enzyme. The biospecific nature of the interaction allowed the effect of GTP on the immobilized enzyme to be investigated. Finally, a preliminary purification scheme will be presented.
METHODS
Canine left ventricular myocardium was minced and homogenized in a Polytron at setting 7 for 3 sec followed at setting 4 for 10 sec on ice. The crude membrane preparation was centrifuged at 30,000 X g at 40, washed with several volumes of ice-cold 1 mM KHCO3 (pH 7.4), recentrifuged, and again washed. This material was then homogenized in 5 volumes of buffer containing 10 mM Tris-HCI (pH 7.4)/5 mM MgCl2/1 mM dithiothreitol/1% Brij 56 and immediately centrifuged at 100,000 X g for 45 min. The supernatant was either used immediately or frozen in dry ice/acetone and stored at -800.
Adenylate Cyclase Activity was assayed by the method of Salomon et al. (15) . Fifty-microliter enzyme samples were assayed for 10 (18) .
Hydrophobic Resin. Alkyl glycidyl ethers were synthesized by the method of Ulbrich et al. (19) , and their purity was assessed by infrared and nuclear magnetic resonance spectroscopy. Substitution of the epoxide onto Sepharose 4B and its quantitation were carried out by the methods of Hjerten et al. (15) and Rosengren et al. (20) . All columns were run at 40.
Protein Concentration was determined according to the method of Lowry et al. (21) , with desiccated defatted bovine serum albumin as the standard.
Abbreviation: Gpp(NH)p, 5'-guanylyliminodiphosphonate. 59 The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. the resin. Forty milliliters of a 3-fold concentrated crude solubilized adenylate cyclase preparation was applied to a 125-ml dodecyl-Sepharose column substituted at approximately 15 mmol of dodecyl glycidyl ether per mol of galactose equilibrated in 10 mM Tris buffer (pH 7.4). Approximately 60% of the activity was quickly eluted with the same buffer (Fig. 2) . For comparison, the elution pattern on unsubstituted Sepharose 4B is also shown in Fig. 2 , with the majority of activity aggregating in the void volume. Hydrophobic resins substituted with octyl or shorter alkyl chain groups were not effective in preventing cyclase aggregation regardless of their degree of substitution. Cetyl-Sepharose or highly substituted dodecyl resins tightly bound the major portion of the cyclase activity, which in certain cases could not be eluted even with detergent. A 1.0-ml aliquot of the sample eluting from the dodecyl-Sepharose resin was then applied to a 0.9-ml column of N6-ATP-Sepharose (Fig. 3) . No activity appeared in the eluate in contrast to the previous result with the crude enzyme preparation. Sodium phosphate buffer (50 mM) again eluted a considerable amount of both adenylate cyclase activity and prortein. Brij 58 (0.1%) and 0.25 M NaCl eluted no additional activity. However, 10 mM Tris buffer containing 7 mM ATP and 10 mM MgCl2 released a large amount of activity, approximately 40% of the total.
If adenylate cyclase was first purified by sequential hydrophobic chromatography and gel filtration, subsequent affinity One milliliter of sample was applied to a 0.9-ml column followed by the protocol outlined in Fig. 1 chromatography produced a third elution pattern. As demonstrated in Fig. 4 , all of the adenylate cyclase activity eluted from the dodecyl-Sepharose column appears as a single symmetric peak within the included volume of a Sepharose 6B column in the identical position as the native enzyme run in detergent. When a crude solubilized preparation is run in the presence of 0. 1% Brij 58, 20-30% of the total activity appears as an aggregated species in the void volume. In contrast, gel filtration of a crude solubilized adenylate cyclase preparation developed in the absence of detergent results in all of the activity appearing as an aggregated species in the void volume. Adenylate cyclase first purified by hydrophobic and gel filtration chromatography completely adsorbed to the N6-ATP-Sepharose resin (Fig. 5) . However, only 5-10% of this could be eluted with 50 mM sodium phosphate buffer (pH 7.4). The remaining 90% required moderately high concentrations of ATP in the eluting buffer. This elution pattern could be duplicated with C8-ATP-Sepharose, although binding efficiency was not equivalent.
Biospecificity of the Interaction with NO-ATP-Sepharose. Although the partially purified enzyme required the presence of ATP in the eluting buffer to be desorbed, further studies were designed to investigate the biospecificity of this interaction. Concentrations of cyclic AMP of 5 mM were completely ineffective at eluting the enzyme although a small amount of protein was desorbed. Sodium pyrophosphate in 5 mM concentrations released additional protein without enzymatic activity.
Gpp(NII)p at 0.1 mM also was unsuccessful. Higher concentrations of GTP (5 mM) also released little or no enzymatic activity.
Additional experiments were performed to determine if cyclase remained sensitive to Gpp(NH)p stimulation after exposure of the immobilized enzyme to high concentrations of Crude adenylate cyclase that had first been subjected to dodecyl-Sepharose resin followed by gel filtration on a Sepharose 6B column. The entire sample was then applied to a 10-ml column of N6-ATP-Sepharose which was then eluted as outlined in the legend of Fig. 1 except that a 0-10 mM ATP gradient was used. 0, pmol of cyclic AMP/10 min; 0, A280.
GTP. The partially purified enzyme was therefore immobilized on N6-ATP-Sepharose and washed with 50 mM sodium phosphate buffer followed by 5 mM GTP (2 column volumes). The column was then washed with 10 mM Tris buffer and, finally, the enzyme was desorbed with 7 mM ATP. A dose-response curve with Gpp(NH)p was then obtained for the affinity-purified enzyme that had been exposed to high concentrations of GTP. Fig. 6 shows an approximate 260% increase in activity over basal at 10-4 M Gpp(NH)p. Half-maximal stimulation occurred at 4 X 1o-6 M. This same preparation was stimulated 2-fold by 8 mM NaF.
Preliminary Purification Scheme. In an attempt to determine whether the utilization of hydrophobic chromatography in a series with affinity chromatography might provide a potent purification scheme, we devised the following protocol. The left ventricular myocardium from four dog hearts was solubilized as described in Methods. The 100,000 X g supernatant was concentrated approximately 4-fold in 110 ml, which was then applied to a 50 X 2.5-cm dodecyl-Sepharose resin. This was then eluted with the starting buffer, and the activity peak was concentrated to 11 ml and applied to a 100 X 2.5-cm Sepharose 6B gel filtration column. The activity peak was pooled and applied directly to a 12 X 1. was then washed with the same buffer followed by 50 mM sodium phosphate buffer (pH 7.4). An ATP gradient from 0-10 mM "in Tris buffer (pH 7.4) was applied. Since Lowry determinations revealed no measureable protein in the eluate, ATP concentrations were therefore determined from the Aas, and the extention coefficient for ATP. In one additional experiment, a subsequent purification step was used with DEAE-cellulose equilibrated in the starting Tris buffer and eluted with a continuous gradient (5 column volumes) to 0.1 M Tris followed by a second gradient to 0.5 M Tris. This allowed an additional 3.5 X purification, resulting in a preparation that was approximately 5000-fold purified with a specific activity of approximately 100 nmol/mg per mm and a final recovery in the'range of 1-4%. (23) . After such resolution, cyclase demonstrates a more typical hydrophilic character in that it no longer aggregates during gel filtration in the absence of detergent but rather appears as a single symmetric peak of activity in an elution position identical to that of the native nonaggregated species, suggesting that the apparent Stokes radius of the enzyme had not been altered. Furthermore, the partially purified enzyme adheres to resins of moderate hydrophobicity such as benzyl-Sepharose which, prior -to the separation of the enzyme from detergent and other membrane proteins, did not prevent its aggregation. These findings suggested that the inability to bind cyclase to an affinity support might lie in its tendency to form strong hydrophobic interactions with other solubilized membrane proteins during the chromatographic procedure. Successful affinity interaction after hydrophobic chromatography supports this conclusion.
When lightly substituted dodecyl resins were used and lesser amounts of hydrophobic proteins were bound, a portion of the activity continued to elute in the void volume from the ATPresin and a larger fraction of the bound activity was subsequently desorbed in the phosphate wash. This suggests that cyclase may interact with other proteins, which in turn bind to the ATP resin nonspecifically.
Adenylate cyclase that was biospecifically adsorbed to the ATP-resin was not eluted with cyclic AMP, sodium pyrophosphate, or even GTP in 5 mM concentrations. The characteristics of this interaction enabled us to investigate the possibility that a nucleotide binding subunit is released upon exposure to guanylyl nucleotides, as has been suggested by Pfeuffer and Helmreich (24) . In our system, Gpp(NH)p activation persisted after a 5 mM GTP wash of the immobilized enzyme. Furthermore, the concentration of Gpp(NH)p resulting in half-maximal stimulation was identical to that of the native enzyme and comparable to that reported for another system (25) .
Finally, a preliminary purification of the enzyme was attempted. Recently, Stellwagen and Baker (22) have reported a 250-fold purification of brain adenylate cyclase by using blue-dextran Sepharose chromatography, which was unsuccessful in our hands. In a preliminary report, Ryan has achieved an approximate 1000-fold increase in specific activity after Hg-Sepharose covalent chromatography (26) . However, multiple peaks of activity were eluted from the resin, suggesting that aggregation of the enzyme might have occurred. The utilization of hydrophobic chromatography as a first step in our protocol significantly altered the behavior of the enzyme during subsequent chromatographic procedures. Our results indicate that the length of 'the immobilized alkyl side chain was critical to the ability of the resin to prevent protein aggregation and compete effectively with detergent and other proteins for hydrophobic binding sites. Second, the low degree of substitution on these resins clearly allowed specificity to be achieved in that these gels still discriminated among membrane proteins of varying hydrophobicity. After dodecyl-Sepharose, chroma-r tography, the enzyme eluted as a discrete symmetric peak of activity within the included volume during gel filtration in the absence of detergent, and approximately 90% of the eluted enzyme biospecifically adsorbed to an ATP-affinity resin, resulting in greater than a 1000-fold increase in specific activity. Ultimate purification of the enzyme to homogeneity will require vastly greater amounts of tissue, and the stability of the enzyme will remain a limiting factor.
It would be of considerable interest to extend these studies to other membrane-bound proteins. There may exist a class of proteins that remains associated with membranes by strong and possibly highly specific interactions with certain hydrophobic substances. While detergents may be effective in cleaving these bonds, their removal results in reaggregation. The presence of detergents may hinder further purification by ion-exchange chromatography or biospecific affinity chromatography. Pnior removal of associating hydrophobic substances, in the example discussed here, leaves the enzyme of interest sufficiently hydrophilic so that conventional purification methods may be applied.
